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Abstract The purpose of this study was to determine
how two different types of concurrent tasks affect gait
stability in patients with concussion and how balance is
maintained. Fourteen individuals suffering from a
grade II concussion and 14 matched controls per-
formed a single task of level walking and two types of
concurrent tasks during level walking: a discrete reac-
tion time task and a continuous sequential question
and answer task. Common gait spatial/temporal mea-
surements, whole-body center of mass motion, and the
center of pressure trajectory were recorded. Concussed
individuals demonstrated differences in gait while per-
forming single-task level walking and while being chal-
lenged with a more difficult secondary task compared
to normal controls. Concussed individuals adopted a
slower, more conservative gait strategy to maintain sta-
bility, but still exhibited signs of instability with center
of mass deviations in the coronal plane increasing by
13% during the question and answer dual-task and
26% more than control subjects. Trends of attentional
deficits were present with the question and answer
task, while the reaction time task seemed to help con-
cussed individuals be more alert to their gait and stabil-
ity. Recommendations for a sensitive testing protocol
of deficits following concussion are explained.
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Introduction

Commonly reported symptoms of a concussion include
cognitive (i.e. concentration, memory, attention and
judgment) deficits and movement (i.e. strength, coordi-
nation and balance) disabilities (Thurman et al. 1999).
These symptoms have been known to last even up to a
year in mild cases of concussion (Bernstein 2002).
Increased neurological susceptibility to a second con-
cussion has also been noted (Guskiewicz et al. 2000).
During this period of time, subsequent concussions
can lead to permanent brain damage (CDC 1997).
However, removal from activity and rest for a severity-
determined amount of time is currently the most uti-
lized treatment after a concussion (Brukner and Kahn
2001). The areas of deficits mentioned above are broad
areas of human neurological functioning. If symptoms
of concussion that may directly result in another con-
cussion (i.e., instability and attentional deficits) can be
detected and tracked, we can then begin the process of
accurately identifying the presence of residual symp-
toms, thereby avoiding subsequent concussions that
can lead to more permanent damage.

Two of the residual symptoms frequently com-
plained about by severely brain injured patients, coor-
dination deficits and imbalance during gait, have been
previously assessed using gait spatial/temporal parame-
ters (McFadyen et al. 2003). More recently, measure-
ments of center of mass (CoM) trajectory were
reported to provide a more accurate description of how
the body moves in space and also provide insight into
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dynamic balance control mechanisms during locomo-
tion (Vallis and Patla 2004). Studies on patients after a
mild or moderate/severe traumatic brain injury (TBI)
have confirmed that CoM motion and its interaction
with the center of pressure (CoP) during gait are able
to better identify conservative gait adaptations and
quantify gait instability (Chou et al. 2004; Parker et al.
2005). All patients displayed gait instability marked by
significant increases in coronal plane CoM motion.
While gait instability might be a common complaint
after a severe TBI, individuals inflicted with a concus-
sion rarely complain or report instability. Krauss et al.
(1997) have shown self-reported incidence levels of
movement disorders following mild TBI (mTBI) to be
low, but other reports measuring balance conflict with
these self-reports. A group of predominately mTBI
subjects displayed deficits in finger tapping even up to a
year post-injury (Haaland et al. 1994). Children with
mTBI display balance deficits up to 12 weeks post-
injury (Gagnon et al. 2004). Parker et al. (2005) show
instability in college-aged adults following a mild con-
cussion as well.

Cognitive tests have been incorporated with gait to
provide dynamic attentional tests in a dual-task setting
(Bardy and Laurent 1991; Lajoie et al. 1993; Ebersbach
etal. 1995; Weerdesteyn et al. 2003). Cognitive/motor
dual-task situations have been described as most similar
to real life scenarios (Cock et al. 2003; Weerdesteyn
et al. 2003; Parker et al. 2005). Earlier studies were more
inclined to use a simpler secondary task to perturb gait
stability, such as a simple reaction time test (Bardy and
Laurent 1991; Lajoie et al. 1993). Recently, researchers
have used more complex secondary tasks such as back-
wards digit-span (Ebersbach et al. 1995) and auditory
Stroop tests (Weerdesteyn et al. 2003) to see effects not
only in the secondary task, but also in gait.

The combination of motor disabilities and cognitive
deficits increase a concussed individual’s vulnerability
to gait instability and subsequent concussions. Current
research using a secondary task during gait in a con-
cussed population is limited, not only in quantity, but
also in scope. Only limited information is available
describing divided attention of concussed subjects with
a single type of secondary task (Chou etal. 2004;
Parker et al. 2005). Examining motor function on a
battery of dual-task situations is essential to identifying
the underlying mechanism for reduced performance
during dual tasks due to brain injuries (Haggard et al.
2000). Researchers have yet to examine the difference
in gait stability between a simpler and a more complex
secondary task in a concussed population.

The purpose of this study was to examine whether
two commonly utilized attentional tests, the simple
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reaction time (RT) and the question and answer
(Q&A) task, would impose different effects on gait sta-
bility in a group of concussed individuals compared to
matched controls. Specifically we aimed to: (1) detect
differences in gait stability between a group of college-
aged subjects with concussions and age-matched con-
trols; and (2) detect differences in gait stability between
dual-task scenarios of varying difficulty. More per-
turbed gait stability was hypothesized to result from
the more difficult dual-task scenario. Concussed indi-
viduals were hypothesized to exhibit a more conserva-
tive gait strategy during single-task walking, with
possible instability and decreased secondary task per-
formance during dynamic attentional tests. Results
from this study will hopefully shed some light on bal-
ance control after a concussion for future implementa-
tion of detection protocols measuring residual
symptoms in a clinical setting.

Materials and methods
Participants

Approval for the use of human subjects was granted
prior to testing by the University of Oregon Institu-
tional Review Board. Written and verbal instructions
of testing procedures were provided, and written con-
sent was obtained from each subject prior to testing.
Twenty-eight college-aged adults participated in this
study. All subjects were recruited from the University
of Oregon student body and had obtained a similar
level of education. Subjects were divided into two
groups: 14 subjects suffering from concussion (CONCs)
and 14 controls without injury (NORMs).

CONCs (6 females/8 males; age=22.29+
4.46 years; mass =75.24 + 1536 kg; height =173.41 +
8.47 cm) were diagnosed with grade II concussions as
defined by the American Academy of Neurology Prac-
tice Parameters (American Academy of Neurology
1997). Under these guidelines, a grade II concussion
entails transient confusion, and symptoms lasting
longer than 15 min, but no loss of consciousness.
Exclusion criteria included a concussion within the
year preceding the most recent concussion, preexisting
injury or surgery that affects normal gait patterns, or
preexisting injury or surgery that affects normal cogni-
tive abilities. Five of the CONCs had previously been
inflicted with a concussion more than two years prior to
the most recent concussion.

NORMs were matched by gender (6 females and 8
males), age (22.29 +3.05years), mass (75.07 +
16.93 kg), and height (172.82 £ 8.50 cm). The matching
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of CONCs and NORMs allowed for the groups to be
comparable without normalization. Exclusion criteria
of NORM subjects were the same as the exclusion cri-
teria for CONC subjects, with the additional exclusion
criterion of exhibiting common symptoms of concus-
sion (e.g. vision problems, nausea, headaches, etc.)
described by Collins et al. (1999). Similarly, five of the
NORMSs had previously been inflicted with a concus-
sion more than two years prior to their participation in
this study, but none complained of any lingering
effects.

Experimental apparatus

All data were collected in the Motion Analysis Labora-
tory of the University of Oregon. Twenty-nine retrore-
flective markers were attached to anatomical
landmarks, modified from a previously validated
marker setup (Hahn and Chou 2004). Three-dimen-
sional marker trajectories in space were collected by
eight Eagle digital cameras using Expert Vision Real
Time (EVaRT) version 4.37A motion tracking system
(MotionAnalysis, Santa Rosa, CA). The cameras were
positioned surrounding an 8-m walkway. Ground reac-
tion forces in three orthogonal directions and moments
about the three axes were collected by two in-series
strain gauge force plates (Advanced Mechanical Tech-
nologies Inc. Watertown, MA), flush with the top sur-
face of the floor in the center of the walkway.

During RT tests, a radio telemetry handheld trigger
(TS0611T, Isaacs & Associates Inc., Walla Walla, WA)
was used to signal a response. An infrared photocell
(RadioShack, Fort Worth Tx) was set up so that the
beam passed between the two force plates. This was
used to create an audible cue to which the subjects had
to respond. If set to “on”, an easily discernible beep
occurred. The sound operating system was set up so
that the subject could not tell if a sound would occur
until the photocell beam was broken. The beam was set
up so that the cue would sound just prior to the foot
contact with the second force plate.

Experimental protocol

Testing of CONC subjects occurred within 48 h post-
injury (37.36 £ 12.41 h). Data collection started with a
single-task session (LEVEL). Subjects were asked to
perform barefooted level walking at a comfortable self-
selected pace. The gait initiating foot was not regu-
lated. Rather, subjects were told to proceed with gait
throughout the testing “as normal and comfortable as
possible.” Several practice trials were allowed so that
subjects could become comfortable walking with the

marker set and the starting spot could be adjusted by
the proctor to insure that subjects hit each force plate
with the entire foot. Subjects were not informed as to
the reason for position adjustment so that conscious
adjustments in gait could be avoided.

The first dual-task situation Q&A required level
walking with a question and continuous answers task.
Questions included common tests from a clinical
mental status examination: spelling a common five-
letter word in reverse, continuous subtraction by a
certain number, and reciting the months of the year in
reverse order (Bell and Hall 1977). The order and
specifics of each task were not shared with the subject
prior to testing. Only at the beginning of each trial
was the subject given the specific task for that trial
(e.g. count backwards by sevens starting at 93, or
months of the year in reverse starting at February).
The subject then started walking and answering at the
same time and stopped answering when the end of the
walkway was reached. Only the first five responses
(not including corrections) were recorded so that
starting position and gait velocity did not factor into
the number of answer attempts. Once at the end of
the walkway, subject responses were no longer
recorded.

The second dual-task situation was a RT test dur-
ing level walking. Subjects would hear an audible cue
when the photocell beam was broken and then
respond by pressing a button on the handheld trigger.
Subjects were given instructions to react as soon as
possible taking into consideration that catch trials
(trials without a cue) were randomly dispersed
throughout the testing session. Approximately 50%
of the trials in this section were catch trials so that
subjects were unaware of when a cue would occur.
Prior to testing, the subjects were allowed to hear the
audible cue, and told the approximate location where
the sound could occur to relieve the possibility of a
learning effect during the entire experiment. Baseline
static reaction times (SRT) were collected before and
after the dynamic RT trials. During the SRT trials,
the subject stood off to the side while a proctor
walked through the walkway and initiated the break-
ing of the photocell beam and subsequent sound.
Catch trials were randomly dispersed throughout the
static sessions as well so that subjects were unaware of
when a cue would occur. The subject stood behind
and to the right of the starting position so that there
was a clear view of when the proctor was crossing
over the previously indicated position of beam break-
age. This was most similar to dynamic RT trials, but
without the subject performing any dynamic motor
task.
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Each walking trial lasted approximately 8s. The
subject then returned to the starting position and
waited several seconds for the next trial to begin. Sub-
jects rested for several minutes twice during the test-
ing session during each transition to a new testing
condition. Each subject performed approximately 60
trials.

Data processing

The analog signals from the photocell, radio telemetry
receiver and the two force plates were collected at
960 Hz for 4s. EVaRT 4.37A (MotionAnalysis, Santa
Rosa, CA) was used to track the markers in space for
4 s at 60 Hz. The marker trajectories were filtered with
a low-pass fourth order Butterworth filter at a cutoff
frequency of 8 Hz. Kinematic data were used to locate
the CoM of 13 different segments: head, trunk, two
upper arms, two lower arms, pelvis, two thighs, two
shanks, and two feet. Calculations for the CoM loca-
tions were based on Dempster’s (Winter 1990) anthro-
pometric data. A weighted sum method was used to
calculate the whole body CoM from each segment
CoM during each time point. CoM data were truncated
from the first heel strike on to the first force plate to
the heel strike of the same foot after the second force
plate, and individual gait events were identified for fur-
ther processing. CoM velocities were estimated with
the use of Woltring’s generalized cross-validated spline
algorithm for determining first and second derivatives
(Woltring 1986). CoP data were calculated for all time
points that the subject was in contact with a force plate,
and not the lab floor. Laboratory written programs
(Motion Analysis Lab, University of Oregon) in Mat-
lab 7.0 (Mathworks Inc., Natick, MA) were used to
complete the processing of the data during one com-
plete stride.

The CoM sagittal plane range of motion (AP
ROM), the coronal plane range of motion (ML ROM),
and the peak velocities in the A/P (AP V) and M/L
directions (ML V) were recorded. The CoM data were
synchronized with the CoP data to find the maximum
horizontal separation distance between the CoM and
CoP in both the sagittal plane (APmax) and coronal
plane (MLmax) (Fig.1). Common spatial-temporal
gait parameters were also calculated during the entire
stride: gait velocity, stride length, average step width,
and stride time.

Reaction time was calculated from the time differ-
ence between the photocell signal onset and trigger sig-
nal onset. The number of answers attempted, and the
number of answers correct were recorded during each
Q&A trial by a proctol. The ratio of answers correct
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Fig. 1 Profiles of the maximum horizontal separation distance
between the CoM and the CoP in both the anterior/posterior
(APmax) direction and medial/lateral direction (MLmax) as indi-
cated by the brackets at the bottom. The relationship between the
CoM and CoP is modeled as an inverted pendulum with instabil-
ity in the system as separation distance increases

divided by answers attempted (answer percentage) was
calculated later during processing.

Data analysis

The group by task interactions, the differences
between task conditions and the differences between
groups were statistically examined with SPSS 12.0
(SPSS Inc., Chicago, IL). Two-way (2 groups, 3 tasks)
ANOV As with repeated measures were used to deter-
mine group-by-task interactions for primary (gait)
task variables (P <0.05). If significance was deter-
mined, then a Bonferroni pairwise comparison was
used to determine between which specific tasks in each
group. If significance was not present for group-by-
task interactions, main effects between groups and
between tasks were examined. If significance was pres-
ent between group means (P < 0.05), a Tukey’s hon-
estly significant difference post-hoc analysis was
conducted to determine between groups, within task,
significant effects. If significance was present between
task means (P < 0.05), a Bonferroni pairwise compari-
son was used to determine which tasks were statisti-
cally different.

Answers attempted, answers correct and correct
percentage in the Q& A task were examined for group
differences with independent sample #-tests (P < 0.05).
Subject demographics of each group were compared
with independent sample f-tests as well (P <0.05).
Two-way (2 groups, 4 tasks) ANOVAs with repeated
measures were used to determine group by task inter-
actions for RT variables (P < 0.05). There were two
groups (CONC and NORM) and four task conditions:
dynamic RT, average SRT, SRT before RT and SRT
after RT.
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Results
Spatial-temporal gait parameters

The analysis of gait spatial-temporal parameters
indicated both group and task differences, but no
group-by-task interactions (Table 1). CONCs walked
significantly slower than NORMSs during all tasks
(Fj26=8.583, P=0.007). Both groups walked signifi-
cantly slower during Q&A as compared to LEVEL
(Fy5,=29.038, P<0.001) and to RT (F,s,=29.038,
P <0.001). CONC:s took a significantly longer amount
of time than NORMs to complete a stride (F,q=
6.121, P = 0.020). All subjects took longer to complete
a stride during Q&A as compared to RT (F, 5, = 9.432,
P <0.001). Significant decreases in stride length and
significant increases in step width were exhibited dur-
ing Q&A when compared to RT (F,s,=7.038,
P =0.003 and P < 0.001, respectively).

Sagittal plane CoM motion

Significant decreases in AP ROM and APmax were
only detected in both groups during the Q&A task
when compared to LEVEL (F,s, =8.883, P=0.020
and F,s,=6.478, P=0.032, respectively) and to RT
(Fp5,=8.883, P=0.003 and F,s,=6.478, P =0.014,
respectively) (Table 2). These changes corresponded
with decreases in the stride length during Q&A. Like-
wise, the change in AP V was similar to the changes
seen in gait velocity. CONCs had a significantly slower
peak AP velocity than NORMs during all tasks
(Fy 6 = 8.536, P =0.007).

Coronal plane CoM motion

Side to side CoM sway (ML ROM) during a stride was
significantly greater in CONCs than in NORMs for
LEVEL and Q&A (Fj 55 =4.630, P =0.041) (Table 3).
Peak CoM sway velocity (ML V) was also significantly
greater in CONCs than in NORMs for LEVEL and
Q&A (F)p=4.401, P=0.046). Both groups swayed
significantly faster during Q&A compared to RT
(Fy5,=3.496, P = 0.032).

Secondary task performance

Neither significant group nor significant task differ-
ences were detected for RT measurements (Table 4).
Both groups demonstrated similar RTs for each task
(ranging from 340 to 410 ms). The concussed group dis-
played a large amount of inter-subject variability in
their RTs as compared to the control group and com-
pared to intra-subject variability. Neither group
responded with significantly more answers correct or
with a significantly better answer percentage during the
Q&A task (Table 4). However, CONCs showed a
trend of attempting fewer answers than NORMs
(P =0.085).

Discussion

Our goal was to distinguish a dynamic dual-task sce-
nario that could effectively demonstrate the presence
of residual deficits in a concussed population. Identi-
fication of an appropriate secondary task will enhance

Table 1 Mean values and standard deviations of all spatial/temporal variables analyzed for both groups during each task

Conc

Norm

Level RT

Q&A

Level RT Q&A

Gait velocity (m/s)
Stride time (s)
Stride length (m)
Step width (m)

1.219 (0.137) o
1.110 (0.139) B
1.311 (0.129)
0.112 (0.029)

1.245 (0.157) o
1.069 (0.109)
1.330 (0.120)
0.101 (0.022)

1.097 (0.166) **
1.189 (0.148) 1B
1.285 (0.125) *
0.113 (0.021)

1.361 (0.136)
1.036 (0.062)
1.404 (0.100)
0.094 (0.035)

1.369 (0.132)
1.023 (0.060)
1.395 (0.102)
0.087 (0.031)

1.276 (0.133) **
1.060 (0.075) +
1.346 (0.109) *
0.093 (0.032) +

* Significantly less than RT., ** Significantly less than LEVEL and RT., 1 Significantly greater than RT., o Significantly less than

NORM.,, B Significantly greater than NORM

Table 2 Mean values and standard deviations of all sagittal plane variables analyzed for both groups during each task

Conc Norm

Level RT Q&A Level RT Q&A
AP ROM (m) 1.321 (0.130) 1.333 (0.122) 1.288 (0.126) ** 1.409 (0.100) 1.400 (0.102) 1.348 (0.105) **
APV (m/s) 1.373 (0.165) o 1.376 (0.161) o 1.234 (0.168) **a 1.523 (0.157) 1.535 (0.154) 1.427 (0.154) **
APmax (m) 0.204 (0.036) 0.204 (0.035) 0.189 (0.041) ** 0.225 (0.022) 0.222 (0.026) 0.214 (0.028) **

** Significantly less than LEVEL and RT., a Significantly less than NORM
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Table 3 Mean values and standard deviations of all coronal plane variables analyzed for both groups during each task

Conc Norm

Level RT Q&A Level RT Q&A
ML ROM (m) 0.038 (0.006) B 0.038 (0.007) 0.043 (0.010) B 0.033 (0.009) 0.035 (0.012) 0.034 (0.010)
ML V (m/s) 0.142 (0.016) B 0.134 (0.022) 0.149 (0.020) +B 0.119 (0.037) 0.117 (0.037) 0.122 (0.039) +
MLmax (m) 0.081 (0.026) 0.075 (0.015) 0.078 (0.020) 0.071 (0.023) 0.071 (0.020) 0.074 (0.020)

T Significantly greater than RT., B Significantly greater than NORM

Table 4 Mean values and standard deviations of all secondary
task variables analyzed for both groups

Conc Norm P-values
Static RT (s) 0.395 (0.186)  0.349 (0.120)  0.442
Dynamic RT (s) 0.381 (0.207)  0.384 (0.096)  0.966
Answers correct 3.719 (0.940)  4.075(0.733)  0.274
Answers attempted  4.023 (0.642)  4.450 (0.621)  0.085
Answer percentage  0.895 (0.166)  0.902 (0.090)  0.899

the ability of detecting deficits in dynamic motor func-
tions and then begin the process of defining a much
needed testing protocol for concussed individuals.

Effects of concussion on gait

Effects of concussion on gait are illustrated by differ-
ences between subject groups in both single-task and
dual-task scenarios. Changes in spatial-temporal gait
parameters have been previously described as a sign of
conservative gait adaptations in an elderly population
with a fear of falling (Maki 1997). Significant decreases
in gait velocity and peak anterior CoM velocity for
CONC:s suggest a conservative gait strategy, similar to
the findings of Chou etal. (2004) and Parker et al.
(2005). These changes are thought to be an effort to
reduce the CoM forward momentum during gait pro-
gression (Kaya et al. 1998; Hahn and Chou 2004) and
may indicate a degraded ability to maintain gait stabil-
ity in individuals suffering from a concussion. Whether
these changes are inherent, or conscious adjustments
made by the individual, can only be revealed with fur-
ther surveying.

Coronal plane CoM motion was previously used to
indicate gait instability (Chou et al. 2003, 2004). The
current study demonstrated that subjects with a grade
II concussion displayed a significantly faster CoM
velocity as well as a significantly greater CoM sway in
the coronal plane during single and dual-tasks.
Changes in coronal plane CoM motion are thought to
possibly be due to a reduced ability to confine the CoM
within a more stable region. Our results are compara-
ble to those observed in a balance impaired group
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(Chou et al. 2003) and a severe TBI group complaining
of dizziness and unsteadiness during walking (Chou
etal. 2004). Increased medial/lateral motion can
directly result in sideways falls for which there are
reduced safety mechanisms: reduced vision to the side,
only one arm to aid in fall deceleration and reduced leg
motion to stop a fall. It has been reported that TBI
could also lead to reductions in strength (Thurman
et al. 1999) and coordination (Slobounov et al. 2002).
Reduced strength would diminish the body’s ability to
counteract the larger moment from the body weight
when the CoM moves near the edges of the base of
support; specifically with an inability to produce
greater torques at supporting joints. Reduced coordi-
nation could adversely affect the timing of muscle con-
tractions around supporting joints. Another possibility
is that visual inputs may be affected in our group of
concussed individuals. Even though vision problems
were not mentioned by our subjects, Collins et al.
(1999) have described vision problems following con-
cussions, and no formal data was collected for our sub-
jects.

Dual-task difficulty

Lajoie et al. (1993) and Brown et al. (1999) previously
confirmed that balance performance simultaneously
decreases as dual-task difficulty increases. In the
current study, the level of difficulty of dual-task sce-
narios was compared and determined by the impact
each had on common measurements of gait. Concep-
tually and experimentally, the continuous Q&A
secondary-task is more difficult than the discrete RT
secondary-task.

The Q&A task resulted in a more conservative gait
in all subjects. The continuous Q&A secondary task
affected sagittal plane gait measures when examining
all subjects together. Subjects decreased their gait
velocity by a combination of increased stride times and
decreased stride lengths. These changes were adopted
to reduce the CoM’s forward momentum (i.e., the
anterior velocity) and to shorten the horizontal separa-
tion distance between the CoM and CoP.
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In contrast to the Q& A task, we found that the sim-
ple RT secondary task did not affect any gait measures
compared to level walking. This could be due to the
fact that the RT task was only performed once near the
middle of the walkway, while the Q&A task required
continual responses throughout the trial. An additional
possibility is that simple RT response formation was
not difficult enough, unlike the Q&A task. The effects
of fatigue over the testing session were ruled out as a
contributing factor towards inter-condition differences
with an examination of level walking at the beginning
and end of the testing session, which showed no signifi-
cant differences.

Attentional deficits after concussion

All participants had similar dynamic and static RTs in
the current study. Although differences were expected,
we suspect that design simplicity was a contributing fac-
tor. Previous studies have administered a continuous
RT test starting at or soon after gait initiation. A high
degree of response variability has been associated with
discrete tests (de Jong 1995), similar to our findings for
RT. The particularly high RT variability exhibited by
the concussed group is believed to be a result of inter-
subject difference in concussive episodes. Although
matched by the grade of concussion, the levels of grad-
ing used were highly unspecific, each encompassing a
wide range of severity. Higher sample sizes in future
studies may cure some of the variability exhibited.
Inclusion of the RT task during gait actually led to
improvements in gait for our concussed individuals.
Stride time, side-to-side CoM sway and sway peak
velocity were all significantly greater for concussed
individuals during level walking with the concurrent
Q&A task. However, the concurrent RT task did not
result in any group differences in measurements previ-
ously used to indicate instability (medial/lateral
motion). Further examination of the data suggests that
controls performed gait similarly between RT and
Level. Rather, concussed individuals reduced their
sway velocity; a potential indication of heightened
alertness in comparison to their single-task perfor-
mance. The effects are not believed to be a result of
anticipation, as controls would have also shown
improved gait parameters from level walking or
improved RTs from static baselines. However, the
potential increased alertness in the RT condition for
the concussed group is contradicted by previous brain
damaged individuals’ inability to remain alert (Godefroy
et al. 2002) and our own findings which demonstrated
participants with grade II concussions have a similar
alerting effect as controls when tested with the Atten-

tional Network Test (ANT) (van Donkelaar et al.
2005). It may be that this disparity is due to the differ-
ent constraints inherent to walking versus the ANT or
different task instructions as compared to Godefroy
et al (2002). Further testing of alertness in our two
groups is needed to support this claim.

Differences in control of CoM motion between the
two groups once again appeared during the Q&A task.
We hypothesize that the possible alertness to gait that
concussed individuals showed during the RT task was
nullified by the increased difficulty of the Q&A task. A
multiple response RT or choice RT test (Bowen et al.
2001) is recommended to understand whether these
effects are task related and/or difficulty related. Sec-
ondary task performance during the continuous Q&A
task revealed no clear significance between groups as
well. Control subjects were able to attempt slightly
more answers, but not significantly more than con-
cussed subjects. This finding may be limited by our pro-
tocol of recording only five answers attempted by the
subject between the starting position and the end of
walkway. It could have been the case that concussed
individuals were processing all information more
slowly. Significant group differences might be detected
if the number of answers were recorded during a fixed
time window of the gait trial.

An obvious limitation to our study was that the
Q&A task was not performed as a single task, so we
had no comparison for the secondary task. It has been
reported that answers attempted could decrease from
single to dual-task (Ebersbach et al. 1995). However,
our concussed individuals were assessed with a single-
task cognitive test (ANT) in our parallel studies
(van Donkelaar et al. 2005, 2006; Halterman et al.
2006) and were reported with deficiencies in orienting
and executive functioning. A decrease in executive
functioning for concussed subjects can lead to a
decreased ability to orient attention in space during a
motor/cognitive dual-task situation (van Donkelaar
etal. 2006). Inability to properly confine the CoM
motion during gait while performing the Q&A dual-task
simultaneously after a concussion might be directly cor-
related to a decrease in processing capacity of attention.
However, it might also possibly be due to an increase in
required locomotor information processing (Haggard
et al. 2000). Either way, information processing capacity
seems to be reduced following a concussion.

Several concepts of attentional processing state that
processing capacity is limited and that when two or
more tasks are performed simultaneously, the desired
outcomes will occur so long as maximum capacity has
not been reached (Kahneman 1973). The bottleneck
concept further states that if capacity is reached, then
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performance will decline on some, or all, of the tasks
(Pashler 1990). The current results show trends of fol-
lowing suit with this concept. Concussed individuals
showed a more conservative gait with instability during
Q&A, along with a trend of decreased secondary task
performance.

As mentioned previously, general limitations of this
current study include the heterogeneity and small sam-
ple size of the subjects. However, given the incidence of
concussion in college-aged adults, it is difficult to limit
our recruitment to only those subjects without any pre-
vious concussions. This could be a contributing factor to
the large variability in some parameters. To our knowl-
edge, previous research using subjects with multiple con-
cussions has failed to indicate inter-concussion durations
(Mrazik et al. 2000; Bernstein 2002; McCrea et al. 2003).
Nevertheless, the time period between the previous con-
cussion and most recent ( > 2 years) for our subjects is
longer than any previously published reports of motor
deficits (Bernstein 1999). Furthermore, a power analysis
was performed using gait velocity, since it has been the
most common variable reported in the literature for this
patient population. Using 14 subjects in each group, our
resulting analysis of power for gait velocity was 0.807,
indicating our sample size was statistically adequate.
Similarly, a power analysis was performed on coronal
plane CoM motion (ML ROM) because of its signifi-
cance in distinguishing changes in gait stability (Chou
et al. 2003). This resulted in a power of 0.752, indicating
a contestably adequate sample size. However, a greater
sample size could sill affect the group significance level
of some variables. McFadyen et al. (2003) were able to
demonstrate group differences following a severe TBI in
all gait spatial/temporal variables. A larger sample size
of concussed individuals is suspected to follow the same
trend, although to a lesser degree than a severe TBI
population.

Failure to measure single task performance of the
Q&A task was a limitation that will be addressed in
future studies to help form more support for the conclu-
sions of attentional deficits. Measurements of the second-
ary task must also be modified for easier quantification.
Furthermore, possibilities for measurements of different
factors affected by concussion exist. Modifications to the
environment that favor vestibular inputs or visual inputs
can be utilized in the future to better understand the con-
tribution of each following concussion.

Conclusions

Concussed individuals adopted a conservative gait
strategy to manipulate spatial/temporal and sagittal
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plane motion. However, signs of instability were still
indicated by increased medial/lateral motion, support-
ing the idea of dysfunction in balance control. The
results of this study support the possible use of gait
with continual cognitive testing as a viable measure-
ment of gait stability performance in young concussed
individuals. However, a continuous variable to mea-
sure secondary task performance, such as RT during a
Stroop task, will possibly serve as a better measure-
ment of attentional deficits as compared to the limita-
tions of the integer variable utilized in the Q&A task.
A discrete simple RT test did not pose enough of a
challenge to the concussed group to show the same
effects, and even resulted in task-specific improvements
in gait, possibly due to raising alertness. However,
aspects of both tests are recommended for future
design of a testing protocol for concussive deficits.
Future studies will test other common secondary tasks,
which are both continuously performed and able to
provide a continuous resultant variable.
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